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TRANSPORT PLANES WITHOUT TAIL UNITS 

P. Lecomte and E. Fage 

ABSTRACT 

L* A new generation of swept wing, tail-less, and somewhat 

heavy planes is being born. These airplanes have many new 

features, being different from both delta winged warplanes and 

moderately swept wing transport planes. 

Some of these unusual features are analyzed from the view- 

point of the pilot's numerous tasks, and the applicability of 

some classic or new criteria is studied. 

A somewhat wide scanning of the possible characteristics 

is made concerning the lateral flight qualities. This scanning 

shows the complexity of the problem and the mutual influence 

of the various criteria that come into play. Ehphasis is put 

into the special low velocity type of behavior, in connection 

with the longitudinal flight qualities. 

It is concluded that the critical points are different 

for these planes than for their predecessors, and that the 

standards of judgement must be rethought. As a whole however 

these flight qualities, while being different from those of 

dw72tY 
+.heir predecessors, compare favorably with them. 

*Numbers given in margin indicate pagination in original foreign text. 
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PART ONE 

1.1 Introduction 

From the very beginning of aviation a considerable amount of work has been 

done concerning the stability and flight qualities of airplanes. These problems 

involve the adaptation of man and aircraft to each other and are particularly 

complex for two reasons: 

1) Man undergoes an evolution, a short term evolution (adaptation during 

the pilot's school period or during the training with a given airplane), and a 

long term evolution (adaptation to new types of aircraft); his possibilities of 

evolution are however not unlimited. 

2 )  The airplanes undergo an evolution and the experience gained from one 

airplane generation is not automatically applicable to the next generation. 

In other words, the flight quality regulations may become one of two things : 

1) either obsolete documents 

2 )  or modern documents, based however on insufficient experience, unless 

"The airplane must be safe and they can be reduced to the following sentence: 

easy to pilot". 

From a more optimistic standpoint, the lack of really valid criteria does not 

necessarily mean that the knowledge of the problems has not progressed. This 

knowledge is however much more limited for somewhat heavy transport airplanes than 

for warplanes, and the uncertainty is increased still more by the unconventional 

nature of the most recent projects. 

The appearance and later widespread use of black boxes, i.e. of automatic 

aids, has modified the nature of the problem without offering solutions, because 

os relialillty cczsidera.tions. This evolution has led to raising the question of 

2 



. 
minimum acceptable flight qualities that can be guaranteed when breakdown of the 

autostabilizer occurs. This is a problem which has shown up only recently. /‘L 
To offset these difficulties the engineer has at his disposal more powerful 

means, such as : 

1. a better understanding of the human pilot behavior and of the coupling 

mechanism between the man and his machine. 

2. a more widespread use of simulation techniques. 

The comments which follow have to do with longitudinal and lateral flight 

handling qualities of heavy transport planes having highly swept wings and low 

aspect ratios. 

transport plane formulas. 

wider range of applications. 

They are the result of various studies made on several civilian 

We think however that most of these comments have a 

The present paper does not purport to be exhaustive. It only brings up a 

few points of the problem. 

The theoretical studies made with a simulator or with an airplane of variable 

stability are being pursued but onlythe total experience gained will be decisive. 

We have deliberately left out the points which raise few or no new questions. 

We have also completely left out aeroplasticity problems in spite of their im- 

portance, for the following two reasons: 

1. The static or)Dgeudostatic aeroelasticity must be taken into account in 

the planning but this does not change the criteria to apply. 

2. The dynamic aeroelasticity (local accelerations due to the structural 

modes as created by sudden causes or by atmospheric turbulence) is an enormous 

subject which would require a whole special paper. 
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1.2 General Comments on F l i g h t  Handling Qua l i ty  Criteria 

A l o t  of confusion exists about f l i g h t  handling qualit-s, because o t h e i r  

The v a l i d i t y  of a given c r i t e r i o n  i s  a func t ion  (which i s  some- being r e l a t i v e .  

times e x p l i c i t  but o f t en  i m p l i c i t )  of a whole s e r i e s  of "boundary conditions". 

1% is always d i f f i c u l t  t o  bring t o  l i g h t  with c e r t a i n t y  t h e  parameters which 

are hidden (even when extreme care  is  used) and which can preclude t h e  conclusion 

of a c e r t a i n  experiment. 

Take f o r  example t h e  problem of the longi tudina l  s t a b i l i t y  t o l e r a t e d  

by t h e  p i l o t ,  as expressed by a jud ic ious ly  chosen parameter ( s t a t i c  margin, 

divergence t i m e  constant,  e t c . ) .  

func t ion  of many o ther  parameters, such as: 

I n  f a c t ,  t h e  acceptable i n s t a b i l i t y  w i l l  be  a 

- t h e  na ture  and s i z e  of t he  atmospheric turbulence, 

- t h e  ind iv idua l  t r a i n i n g  of the concerned p i l o t ,  

- t h e  c o l l e c t i v e  (or h i s t o r i c a l )  indoct r ina t ion  of p i l o t s  of a c e r t a i n  epoch, 

tak ing  i n t o  account t he  a i r c r a f t  they had an opportunity t o  f l y ,  

t h e  t a s k  performed by t h e  p i l o t  (VFR or 7FR f o r  example, c r y i n g  or  

approach, e t c .  ), 

L - 

- t h e  other a i r c r a f t  cha rac t e r i s t i c s ,  f o r  example: t h e  lateral c h a r a c t e r i s t i c s  

( i n  o ther  words t h e  degree of a t t e n t i o n  necessary f o r  t h e  other t a sks  he 

must perform) 

t h e  dura t ion  of t h e  t a s k  tohperformed 

t h e  a i rp l ane  type and i ts  mission 

be - 

- 
- t h e  mechanical f l i g h t  control and i t s  balance, e t c .  

I n  what follows we propose t o  consider s eve ra l  aspec ts :  

1. t h e  unpiloted a i rp l ane  f l i g h t  handling q u a l i t i e s :  na tu ra l  behavior, free 

c o n t r o l  s t a b i l i t y ,  e t c .  
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2. the ease of balancing a given flight : considerations of 

s't t u a t  io n 
compensation; 

3 .  the accurate piloting (the pilot acting accurately on the control loop);  

4. the high amplitude maneuvers within the framework of the mission. 

1.3 Weight and Aerodynamic Peculiarities of the Cases Considered 

We will limit our study to fairly heavy planes, with a transport mission, 

highly swept wings, low aspect ratio and no horizontal tail unit. These con- 

figurations have the following general characteristics. 

1. Inertial Characteristics 

The inertia distribution around the three principal axes has gone through an 

evolution analogous to that of -lanes: the ratios of the inertias of pitch 
/4 
U (B) and ya,w (C) to the inertia of roll (A)  have increased. This is due to the 

swept wing and to the long and thin fuselage (for the purpose of reducing the 

frontal area). In some configurations the amplitude of this effect is limited by 

the arrangement of motors in pods under the wings. 

In addition, since the mass is relatively high, the inertias of pitch and roll 

are very high too. The rigid as well as the flexible mode frequencies will have a 

tendency to decrease. 

2. Aerodynamic Characteristics 

The principal unusual aerodynamic characteristics are the following: 

- a dihedral effect, strongly dependent on the pitch angle and unusually 

high at low speed; 

- the directional stability (Cnj), having a tendency to decrease at the 

highest Mach numbers; 

- relatively low roll h p i n g ,  



. 
- nonaegligible secondary elevon effects (Cz8  and C a); 

a generally important ground effect; 
n 

- 
- a low lift gradient, but a very wide range of usable pitches. 

The possible consequences of such a situation can be the following: 

- on the lateral behavior: 

relatively high r o l l  time constants; a response behavior to aileron control 

somewhat different from that of a first-order system with strong intervention of 

the cross coupling (inertial coupling); a net coupling between the roll mode and 

the oscillatory mode (and possibly the spiral mode); the great roll velocities 

which are relatively easily obtained; a special turbulence behavior with pronounced 

roll excitation. 

- on the longitudinal behavior: 

relatively longer short periods and, in response to the elevator action, 

a significant "nonZminimum phase'' - like behavior, a reduced sensitivity to tur- 

bulence if reasonably high wing loads are tolerated, and at low velocities, a 

flight regime typical of the "second regime". 

We shall review below some of these points. 

PART TWO. LATERAL FLIGHT "DLING QUALITIES 

We shall consider in succession the various points of the flight handling 

quality criteria which we mentioned above, restricting ourselves again to the 

moderately heavy, very highly swept wing, airplane. 

2.1 The Flight Handling Qualities of the Unpiloted Airplane 

Transport planes very often make flights of long durations with the autopilot 

the controls. It 5z t5Zz-efm-e the automatic pilot on and the pilot's hands off 

regulation which must be discussed. 
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The free control characteristics are even more interesting for two main 

reasons : 

1. 

2. 

breakdown of the automatic pilot; 

many other reasons which compel the pilot to have a manual control of 

the aircraft, but then this control serves as a check rather than an accurate 

piloting. 

The characteristics relative to the convenience and accuracy of the control 

are mentioned later (see Section 3). 

havior in case of breakdown) w i l l  be mentioned here. 

downs, it can be thought that the pilot will attempt to control the airplane and 

the automatic pilot control is consequently less interesting. Various elements 

play a role in the automatic pilot flight, These are as follows. 

Only the normal behavior (and not the be- 

In case of various break- 

c d s e  C C  

F 

2.1.1 The Spiral Mode of the Airplane 

In spite of the fact that it is relatively easy to control an airplane having 

a highly unstable spiral mode, the latter characteristic seems to have been the 

primal cause of a certain number of incidents (or even accidents) in the past, as 

follows : 

- start of the spiral becoming tighter, followed by a loss of the instrument 

flight control (IMC conditions) or by going beyond the flight range permitted by 

the plane (V or even V ) leading sometimes to structural changes. The regulations C D 
are s(;4* on this subject. /6 

1. The French or American civilian specifications (References 1 and 2) and 

the French military specifications (Reference 3) do not specify any requirements. 

2. Tne Z.Z. z 5 l i t z r y  soecifications require that the motion be not too un- 

stable in the following: 

7 



a) in cruising or approach configurations, the amplitude must not 

double in less than 20 s. 

b) in other configurations it must not double in less than 4 s. 

3. The recent Anglo-French SST Standard specifies a similar requirement for 

the supersonic civilian airplanes, i.e. the amplitude must not double in less 

than 1 5  s. 

It seems anyway that to prohibit an excess of spiral instability under the 

frequently met flight conditions (i .e., conditions including sufficiently reliable 

aids to the pilot) is a quite reasonable requirement. Since the acceptable limit 

is a matter of judgement, only the systematic use of a great number of various 

planes can lead to significant information. 

The type of airplane of interest to us presents itself in a particularly 

favorable way from that standpoint. Indeed, the relative values of the various 

coefficients, and especially of C and C , give the airplane a guarantee of 
stable spiral mode, especially at low velocities (high increase of C 

pitch). 

1 3  nj 
with the 

1.j 

Figure 1 shows an example of the kind of results obtained. Even if strong 

changes of aerodynamic coefficients are supposed to happen, the situation remains 

favorable, since the spiral mode never becomes unstable. The same is true when 

autostabilizers are used (which, in the worst case, may lead to indifference). 

2.1.2 

We must however avoid any excessive optimism. 

Role Played by the Balancers 

An inaccuracy in the balance 

of the two lateral surfaces, and especially of the ailerons, entails for the 

pilot the same difficulties as a spiral instability. 

- .  It 1s Yoi-sezzblP t.hat the low aspect ratio airplanes w i l l  have a very sen- 

sitive lateral control, especially at high velocities. A very high degree of 
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quality will be required in the construction of the mechanical, hydraulic and 

electric systems made up by the flight control. 

can in this case be more important than the aerodynamic problem. 

The technological problem 

2.1.3 Oscillatory Mode 

The oscillatory mode damping is concerned with the automatic control behavior. 

The various existing specifications offer some requirements (references 1 through 

5). 

proper of the airplane rather than by the automatic control flight. 

periods encountered (1 to 10 s) with all types of aircraft (periods which are 

clearly shorter than those of the phugoid longitudinal mode), it can be inferred 

that an unstable motion is unacceptable in normal flights and that a minimum of 

stability is required. Then, what is the value of this stability minimum? 

very difficult to determine it, since other reasons have led in the past to not 

accepting unstable motions. It is however probable that the damping time (for 

example t 1/2) is a better criterion than the number of damped cycles ( C  1/2). 

There are reasons to think that these requirements are dictated by the pi lo t ing  

Because of the 

It is 

The airplanes of today have oscillatory mode characteristics which are dif- 

ferent in many respects from those of their predecessors. 

be discussed below in section 2.3.4 and we think that the discussion given there 

sums up the problem. 

These differences will 

2.2 Airplane Balance 

The more or less greater ease with which an airplane can be balanced for a 

trimmed flight regime plays a role which is certainly important in respect to 

estimating the flight handling qualities of a piloted airplane, especially in the 

case of transport missions. 

of which was given above (see 2.1.2). 

It can also influence the flight safety, an example 

T h i s  r u l e  k;; zst heen correctly interpreted 
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in the past. 

which the balancing must be made (see for example refs. 1 and 2). 

rather poorly the characteristics for a good balance, by emphasizing either the 

balance speed feedback error (refs. 1 and 2) or the mechanical qualities of the 

flight control (ref. 3). 

The specifications undoubtedly specified the flight conditions under 

They gave 

A poor balance is undesirable for three reasons. /8 
1. It can have consequences analogous to those of an instability having long 

period characteristics. 

2. It increases the load on the pilot, who is spending his time trying to 

find a better balance, with less time left for other tasks. 

3 .  It leads to more difficult accurate piloting, should the latter be 

necessary . 
The following items help the quality of balance: 

1. The accuracy and the faithfulness of the flight control systems. 

''systemtt is meant all the mechanical, hydraulic and electric elements which make 

up the flight control, including friction, elasticity, restitution property of 

possible artificial forces, accuracy of the servo-controls, quality of the 

synchros, etc. 

By 

2. The stiffness of the aerodynamic effects, the magnitude of the "dihedral 

In other words, the char- nj. effect" C and of the "directional stability" C 

acteristics of the airplane in rectilinear side-slip flight. 
1j 

3. The possibility of creating or changing small asymmetries. The power 

plants play the top role as far as their position on the plane is concerned 

(position with respect to the plane of symmetry, displacement in height, sensi- 

tiveness of the pull to various parameters, accuracy and range of the motor regu- 

lation, etc ) . 



We w i l l  concentrate on t h e  following po in t s  concerning h ighly  swept wing 

t r anspor t  planes: 

1. Specia l  importance o f .  exce l l en t  construction of t h e  f l i g h t  con- 

t r o l s  because of t h e  cont ro l  surface e f fec t iveness  &v small displacements (es- 

p e c i a l l y  t h a t  of t h e  a i l e r o n ) .  

2. Favorable influence of r e l a t i v e l y  high aerodynamic e f f e c t s  (C, ~ and 

c . I .  
nJ 

3. Var iab le  e f f e c t  of t he  power 

a given a i rp l ane .  This e f f e c t  can be 

power p l a n t s  and of t h e i r  regula t ion .  

L J  

plants ,  depending on t h e i r  d i s t r i b u t i o n  on 

probably condition t h e  balance qua l i t y .  

s i g n i f i c a n t  due t o  the complexity of t h e  

Since I t e m  2 i s  favorable,  I t e m  1 w i l l  

2 -3  Prec is ion  P i l o t i n g  Lp 

2.3.1 General Comments 

The prec is ion  p i l o t i n g  poses t h e  most d e l i c a t e  f l i g h t  handling q u a l i t y  

problems. The case i n  question is the one where t h e  p i l o t  c a r e f u l l y  cont ro ls  t h e  

plane f o r  the purpose of accomplishing a w e l l  defined and p rec i se  task .  

plane c h a r a c t e r i s t i c s  and t h e  more or less happy adaptation of t he  plane and p i l o t  

p l a y  a r o l e .  This type of p i l o t i n g  w a s  a l s o  t h e  focus of most f l i g h t  handling 

q u a l i t y  s tud ie s  undertaken i n  p a s t  years. I n  s p i t e  of t h i s ,  as wi l l  be seen be- 

low, our  knowledge remains qu i t e  bounded because of t h e  g r e a t  number of problems 

p resen t  and of t h e  tasks t o  accomplish. 

The 

For t r anspor t  planes, t h e  problems r a i s e d  i n  Section 1 are hidden i n  t h e  

opera t ion  by t h e  general  use of t h e  automatic p i l o t .  

i n  Sec t ion  2 have t o  do mostly with t h e  mechanical c h a r a c t e r i s t i c s  of t h e  f l i g h t  

con t ro l s .  

The problems we have r a i s e d  
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The cases which require precision piloting are the following: 

1. The maintenance of the attitude and course (and indirectly, of normal 

acceleration) under visual or instrumental flight conditions. 

2. The accurate control of the flight path in the approach or landing 

phases (especially IMC) . 
3. 

If an artificial autostabilization is used (which is generally the case d.0 

The take-off and landing maneuvers proper. 

high performance planes) the flight must be studied with and without autostabili- 

zation. In particular, the problem of tolerable minimum behavior under the some- 

what rare emergency conditions, in cases of critical breakdown of the aids to 

piloting, deserves a special examination. This is a relatively new problem, one 

that the generalized use of black boxes has brought forward into the realm of 

current problems. The use of these black boxes can often become a major problem. 

We shall discuss in what follows the forseeable effect of the special 

characteristics of highly swept aircraft. 

2.3.2 Time Constants of the Pure Roll Mode 

The time constant T of the pure roll mode may be unusually large for a R 

transport plane of low aspect ratio. 

the roll damping (C 

inertia which remains high if the engines are placed in one or several housing 

This is due to the relatively low value of 

) connected with the low aspect ratio, combined with a roll 
1P 

(pods) under the wings. This situation has rarely been critical for delta winged 

military planes, since their engines were generally located in the fuselage. 

This situation has shown up only in special configurations having high roll inertia. 

Theoretical and simulator (refs. 6 and 7) studies made by approximating the 

air~lane motion to a one-degree-of-freedom (i.e., the r o l l )  motion have shown that 

an increase of TR could lead to a noticeable deterioration of the flight qualities. 

12 



It is certain that a plane responding to a warping maneuver by a practically 

pure roll motion with a very short time constant, i.e. a few tenths of a second 

(which leads practically to a roll velocity control), is ideal. This ideal case 

has been obtained for many years (this ideal is referred to by a few pilots by 

the expression: "the airplane remains perpendicular to the stick"). The lateral 

flight qualities depend then only on the effectiveness of the warping. 

Leaving this latter problem aside for a moment and assuming the one-degree- 

of-freedom approximation to be valid, the studies have shown that when the time 

constant increased markedly to above 1 s the pilot's opinion deteriorated. This 

seems to be connected with the fact that the control resembles more and more an 

acceleration control, which is well known to be more difficult than a velocity 

control. 

1.2 s and the :I /  m I'f cicc e,bf"&q h, @&e, poorly defined but equal to at least 
5 s. Since in fact it is the ratioT3/T which is in question (where T is the 

pilot's time lag) and since z does not change much, one can expect that these 

Reference 6 shows for fighter planes the satisfactory limit to be around 
2 qeblci( 

limits depend little on the type of aircraft, but do depend solely on the maneuver 
k 

Taking into account the fact that rapid maneuvers are less frequent 

in transport planes we have the following: /11 
1. Reference 5, which suggests 2.5 and 5 s. 

2. 

Figure 1 shows typically the values of the roll time constant for various 

Reference 8, which suggests 2 and 8 s. 

flight cases. It can be seen that, if the values of T are very often relatively 

large they are however not such that a tolerable control would not be possible 

R 

during a breakdown of the autostabilizer. 

bring T 

The use of a roll damper permits to 

to more common and low values (fig. 2). R 



2.3.3 

In the past the spiral mode has created some problems, but these had rather 

Problems Concerning the Spiral Mode Time Constant (Ts) 

to do with open loop piloting, with the pilot performing only a check. This case 

was discussed before in Section 2.1.1. The accurate control has never, as far as 

we know, created problems. It should be said that most airplanes have spiral 

characteristics close to the indifference (stable or unstable mode with large time 

constant). Recent studies have led to the discovery of some control problems when 

this was not the case (ref. 7). 

a) Theory has shown, and experiment has confirmed, that an airplane having 

a highly unstable spiral mode (amplitude doubled in less than 1 s. , ref. 9 )  re- 

mained controllable, although quite uncomfortable. 

b) A value of T too low (whether stable or unstable) is uncomfortable for 
5 

two reasons: 

1. it assumes a great constant action of the pilot in a continuous 

turn; 

2 .  the actions performed by the pilot, for controlling either the 

lateral attitude or the course, are located in the same frequency band and could 

more or less interfere. Reference 5 recommends for normal flights with auto- 
rn I s stabilization IT I> 10 1 -I> 10 (see fig. 1). Analogous recomendations are 

S. TR 
found in reference 8. 

The characteristics of the planes we are interested in correspond to 112 
spiral modes always stable, and if the time constants T 

1 and 2), due to a fairly strong stability, they are not sufficiently low to 

create problems. 

are sometimes l o w  (figs. S 

With autostabilization the stability of the spiral mode is re- 

duced, and this criterion is better met. 

We conclude, by comparing this discussifiii t; t%t sf Section 2.1.1, that the 

situation concerning the spiral mode is particularly favorable. 

1 4  
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2.3.4 

The problems crea ted  by t h e  cont ro l  of t h e  lateral  o s c i s l l a t i o n  have l e d  t o  

Problems Connected t o  the  Control of Lateral Osc i l l a t ion  

much work i n  t h e  p a s t  f e w  years, but these problems are s t i l l  not completely 

solved . 
When t h e  p i l o t  cont ro ls  t h e  plane under a disturbance of atmospheric o r ig in ,  

he wants t o  cont ro l  t h e  la teral  a t t i t u d e  and consequently (wi th  almost no s l i p )  

t h e  course. The lateral o s c i l l a t i o n  is  bothersome t o  t h e  p i l o t .  It can be thought 

t h a t ,  i n  t h e  first approximation, t h e  comfort of t h e  plane w i l l  be grea te r ,  pro- 

vided t h e  following appl ies :  

1. 

2 .  it i s  easier f o r  t h e  p i l o t  t o  damp it; 

3. 

t h e  o s c i l l a t i o n  i s  more na tu ra l ly  damped; 

t he  warping motions which a r e  necessary t o  insure  t h e  l a t e r a l  cont ro l  

e x c i t e  t h e  o s c i l l a t i o n  t o  a l e s s e r  degree. 

Before, t h e  only c r i t e r i a  proposed f o r  conventional, s t r a i g h t  winged air- 

planes w e r e  the damping c r i t e r i a .  The o s c i l l a t i o n  had a fundamental y a w  com- 

ponent which t h e  p i l o t  would damp f a i r l y  e a s i l y  with t h e  rudder, and the  only 

parameter which seemed t o  have any e f f e c t  was the re fo re  t h e  damping. 

The highly swept a i rp l anes  and the  high a l t i t u d e  f l i g h t s  have l e d  t o  a 

tendency t o  reduce t h e  damping (whence t h e  use  of y a w  dampers) and t o  increase  t h e  

r o l l  i n  t h e  motion. 

increased  and some poss ib l e  cont ro l  d i f f i c u l t i e s  have shown up. 

The tendency of t h e  p i l o t  t o  "counter with the  s t i ck"  was 

Based on somewhat fragmentary t e s t s ,  t h e  standards have used a minimum 

damping which varies e i t h e r  with the  r a t i o  @ / Ve (see ref.  4, f i g .  3) o r  with t h e  

r a t i o  p/r (see pef. 3) .  Roughly va l id  f o r  a i rp l anes  of t h e  same family, t hese  

c r i t e r i a  have been found a t  t h e  ou t se t  t o  be  i n s u f f i c i e n t  t o  c l a s s i f y  t h e  air- 

p lanes ,  with t h e  p i l o t s  mentioning "coordination G i l l i c i i l t i s z "  ~ ~ 2 2  st3.rt.i ng or 
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ending a turn .  The in t e rac t ions  between t h e  modes would cause an e f f e c t ,  

and e spec ia l ly  t h e  yaw, induced by t h e  warping motion. 

The tests described i n  re ference  10 have shown t h a t  t h e  requirements of 

re ference  4 w e r e  excessive, a t  least as far as t h e  approach i s  concerned, i f  the  

coupling e f f e c t s  were reduced t o  a minimum. The tests have yielded t h e  limits 

shown i n  f i g u r e  4. 

Reference 8 has suggested l imi t a t ions  which have been reused i n  t h e  SST 

Standard No. 5 (ref.  5) ,  based on t h e  previous r e s u l t  and on an ana lys i s  of 

e x i s t i n g  heavy weight t r anspor t  planes. The minimum t o l e r a b l e  breakdown l e v e l s  

of references 8 and 10 are very c lose .  The normal configuration minimum ac- 

ceptable of re ference  8 i s  perhaps i n s u f f i c i e n t l y  conservative, i f  only f o r  rea- 

sons of " f r e e  cont ro l  f l i g h t " .  

The coupling e f f e c t s  mus t  be considered and various c r i t e r i a  have been 

proposed. 

t h e  experimental  r e s u l t s .  I n  f a c t  the c r i t e r i o n  measures t o  a c e r t a i n  ex- 

t e n t  t h e  amount of lateral o s c i l l a t i o n  provoked by the  motion of t h e  a i l e rons .  

If = 1 and 5 = 5 t h i s  exc i t a t ion  i s  zero. I n  addi t ion ,  t he  influence of 

t h i s  e f f e c t  decreases if t h e  damping increases. T h i s  i s  indeed what t h e  c r i t e r i a  

taken from reference 11 say. 

Reference 7 introduces t h e  G@/ c r i t e r i o n  and re ference  11 s tud ie s  1Jd 

These c r i t e r i a  are shown i n  f i g .  8. Reference 5 

u s e s  a n  analogous c r i t e r i o n  but i t s  expression i s  more vague. 

If we now consider t h e  very highly swept t r anspor t  planes,  we no t i ce  t h a t  
f 

t h e y  w i l l  have a behavior v5y d i f fe ren t  from t h a t  of t h e  subsonic planes of t h e  

p a s t  generation. 

- The n a t u r a l  a i rp l ane  has generally much b e t t e r  damping cha rac t e r i s t i c s ,  

always super ior  t o  t h e  minimum l e v e l  with breakdown, and almost always superior t o  

the normal minimum l e v e l .  
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. 
- The use of dampers (and especially of roll dampers) greatly improves the 

situation (fig. 5 through 7). 

- Except at low velocity the coupling problems are almost nonzexis*nt 

(W@/~,P~) and the use of the damper changes little this ratio, but increasing 

the damping strongly makes the characteristics completely satisfactory. 

Figure 8 shows the comparison with the criteria of reference 11. This com- 

parison leads to analogous results. 

2.3.5 Efficiency of the Control Surfaces /14 
This is the last point which we consider. The efficiency of the control 

surface, meaning what is usually called in vague terms "maneuverability", plays 

an important role in the estimation of the flight qualities. This role is due to 

several factors, as follows: 

- The minimum level of acceptable stability is a function of the effectiveness 

of the tttooltt which the pilot has at his disposal to control his machine. This is 

particularly true in cases of instability (see for example the criteria applied to 

helicopters or ADAV in stationary flight). 

- The atmospheric turbulence effects must be controlled by the crew. 

- Maneuvers of a certain amplitude or rapidity are necessary for operational 

reasons (for example the bayonet in approach). 

Ailerons 

The effects of roll time constant are connected with the time constant T of R 
the roll motions. This has been discussed in Section 2.3.2.  We have seen that, 

as long as this constant is small (T < 0.5 s for example) the airplane responds, 

from the pilot's standpoint, to the ailerons as a velocity control. The pilot's 

opinion is then necessarily connected with iile t h e  n c c c c ~ z r y  te rwich a certain 

lateral attitude. 

R 
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The corresponding criterion is a function of the type and of the mission of 

the airplane. 

For transport planes it seems that the approach case is the most exacting. 

In this way minimum roll velocities have been set for warplanes. 

The statistics of reference 8 seem to indicate that the satisfactory limit 

is around 6.5 s for 60' attitude change and the acceptable emergency limit is 

around 11 s for the same change of attitude. When T becomes relatively large 

(TR >> 0.5 s) the lag becomes sizable and a greater efficiency of the aile- 

rons is required. 

R 

/15 

If the response of the airplane is very different from that of a "one-degree- 

od 

But 

of-freedom", the formulation of these criteria cannot be valid (case when q/ 

is very different from 1 and 2 

then other difficulties can show up and the time of swing, whether a necessary 

condition, is certainly not a sufficient one. 

is small, or case when Ts/TR is too small). a 

On the other hand, and excessive effectiveness can also be unacceptable, by 

This effect, which seldom occurred in old making the lateral control too sharp. 

planes, is much more likely to occur in low aspect ratio and highly swept planes, 

i.e. planes whose aileron effectiveness could be decided by cross wind consider- 

ations at take-off and landing. 

In fact, the laws of artificial control forces on these airplanes (which are 

necessarily equipped with servo-control) can, in a certain way, cure these dif- 

ficulties. 

The criterion shown in figure 2 is proposed in reference 5, from a compilation 

of all these conditions. For flights other than at low velocities a change of 

lateral attitude of 30' in less than 2 s is proposed, this last condition being 

perhaps needlessly severe. 

formula under consideration, with and without autostabliizer: 

Figure 2 shows typical airplane characteristics of the 
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- the  na tu ra l  a i rp l ane  seems t o  be s a t i s f a c t o r y  i n  a l l  f l i g h t  cases except 

a t  low ve loc i ty  (where it remains acceptable);  
us 

- t h e  use of dampers (espec ia l ly  r o l l  dampers) permits,to obtain a good 

behavior i n  a l l  cases.  

Direct ional  Control Surface (Rudder) 

W e  s h a l l  not mention t h i s  subject  s ince  it poses no new problems. The ef- 

f i c i ency  i s  conditioned by t h e  motor breakdown problem and by t h e  ground control .  

3.6 Simulator Studies  

A c e r t a i n  number of tests w e r e  made with a f ixed  cockpit  simulator equipped 

with a high a l t i t u d e  v i sua l  system (project ion of a horizon on a hemisphere). 

these  tests no systematic goal was set .  

amount of u s e f u l  information. Fif teen f l i g h t  cases have been s tudied,  a l l  

In 

The tests l e d  however t o  a c e r t a i n  

,/& 

represent ing  approach configurations,  except case No.  15.  We have used the  same 

representa t ions  of f i g u r e  1, 6 and 8 on f igu res  9, 10 and 11. 

Use was not  made of a numerical sca le  of quotation (Cooper sca l e ) .  A rela- 

t i v e  c l a s s i f i c a t i o n  was poss ib le  i n  many cases and f igu res  ranging from 2 t o  8 

have been quoted. It should b e  emphasized t h a t  t h i s  i s  an approximate quotation, 

almost coinciding, from t h e  p i l o t ' s  commentaries, with t h e  Cooper s c a l e  a t  values 

around 3.5 ( l i m i t  of normal acceptable) and around 6.5 ( l i m i t  of emergency 

acceptab le) .  

The general  tendencies reported i n  Sections 3.2, 3.3 and 3.4 be low have been 

seen t o  occur. 

1. The d i f f i c u l t y  of lateral control,  assoc ia ted  with t h e  l a r g e  values of 

has  immediately shown up (p i lo ted  nonzdivergent surge) .  No case however wits TR' 
c r i t i c a l  enough t o  be  judgedy.nacceptable up t o  the iargesi e x ~ e r k c z % z L  ~d.l.e5 
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( c lose  t o  3 s )  . 
means of a r o l l  damper) eliminates any problem. 

Going over t o  time constants less than 0.5 s ( f o r  example by 

One cannot be accura te  about t he  "sa t i s fac tory"  l i m i t ,  b u t  t he  experiment 

seems t o  confirm the  existence of a small influence by t h e  type of plane. 

seems a l s o  t h a t  t h e  values of 2 and 2.5 s considered i n  re ferences  8 and 5 are 

t a o p t i m i s t i c  and that t h e  l i m i t  i s  c loser  t o  1 .5  s (see f i g .  9) .  

It 

2 .  The s p i r a l  mode proper has never l e d  t o  con t ro l  problems. L e t  u s  mention 

t h a t  f o r  t i m e  constants greater than 60 s t h e  p i l o t  becomes incapable of esti- 

mating t h e  s p i r a l  s t a b i l i t y  ( t h e  e f f e c t  being buried i n  t h e  inaccuracy of t h e  

cont ro ls  and of t h e  balancers; see  Section 1.2) .  

3. The free lateral o s c i l l a t i o n  has always seemed t o  be very damped. The 

poss ib l e  d i f f i c u l t i e s  here come from the coupling e f f e c t s  during t h e  i n s e r t i o n  of 

t h e  p i l o t  i n t o  t h e  loop. 

An examination of f igu res  9 through 11 permits t o  make add i t iona l  remarks, as 

follow: 

1. All t h e  configurations t r i e d  check the  c r i t e r i a  of f i g u r e  10 without 

necessa r i ly  e n t a i l i n g  "good cha rac t e r i s t i c s "  f o r  t he  a i rp l ane .  

2 .  No case of f l i g h t  where T is greater than 1 s i s  seen t o  be good, b u t  R 
t h i s  can be due, f o r  po in t s  1, 11, I2 and 13, t o  t he  approximation of t he  limits 

ITS ITR 1 > 10 or,  r a the r ,  t o  t h e  l i m i t s  of f i g u r e  ll. 

3. A comparison of po in t s  2, 3, 6 and 7 shows that below a c e r t a i n  value of 

TR (0.5 s ? )  t h e  e f f e c t  due t o  t h i s  va r i ab le  i s  no longer f e l t .  More prec ise ly ,  

t h e  degradation f e l t  when going from 2 t o  6 can only be explained by changes of 

damping. 

of figure 11. 

A l l  t he se  resu l t s  have a tendency t o  confirm t h e  ex t rapola ted  c r i t e r i a  



4 

. 
4. The degradation of the pilot'sjudgemrntwhen going from 1 to 10 or from 

13 to 14 seems to come essentially from the criterion of figure 9 (and also some- 

what from that of figure 11 for the second case). 

in controlling the r o l l  and the yaw. 

shifts in these two quantities, and this confirms the undesirable coupling. 

The pilots mention difficulties 

They also mention incoherences or phase 

5. These are probably also the causes which &e the cases 8 and 9 unac- 

ceptable, especially under turbulence. By comparison with the other cases, this 

conclusion cannot be due only to the value TR of the roll time constant. 

6. The notable preference given by pilots for the configurations 2, 3 and 7, 

as compared to configurations 4 and 5, is not explained by any of the above 

criteria. 

on this type of airplane, too small values of @ / Ci provoke a certain discomfort. 
The reason offered is the roll-yaw inhomogeneity and shows perhaps that, 

2.4 The High Amplitude Maneuvers 

We sha l l  mention this question only to say that, however important for mili- 

tary planes, it becomes in practice f o r  transport planes identical with the 

maneuvers examined in Section 3.5. 

/ / a  PART THREE. LONGITUDINAL FLIGRT QUALITIES 

In spite of the fact that many aspects of longitudinal flight qualities at 

high velocity would be worth discussing we have elected to examine, for lack 

of space, the low velocity flight case only. Under these conditions, only the 

problems connected with the accurate control of a flight path will be discussed. 

3.1 Static Stability 

The problem of the airplane longitudinal static stability is traditionally 

expressed in terms of remIkskL-* c k y 1 ~  criteria, as follows: Y 



. 

a )  the  "f ixed s t i ck"  s t a b i l i t y  requires  a displacement of the s t i c k  i n  order 

This i s  normally equivalent  t o  a pos i t i ve  t o  obtain a lower s t a b i l i z e d  ve loc i ty .  

s t a t i c  margin, i n  o ther  words t o  an aerodynamic focus loca ted  behind the  center  

of g rav i ty  . 
b )  t h e  " f r ee  s t i c k "  s t a b i l i t y  requires  exer t ing  a pu l l ing  e f f o r t  on t h e  s t i c k  

i n  order t o  obtain a lower ve loc i ty .  

The necessi ty ,  or even t h e  usefulness,  of these  two types of s t a t i c  s t a b i l i t y  

depends s t rongly  on t h e  type and the  mission of t he  a i rp lane ,  and f o r  t he  case of 

a t r anspor t  plane two considerations are  important. On one hand, i n  order t o  fa- 

c i l i t a t e  the  work of t h e  p i l o t ,  it i s  preferab le  that the  plane,  balanced f o r  a 

chosen set of f l i g h t  conditions,  immediately r e tu rn  t o  them a f t e r  a disturbance i s  

appl ied.  On the  o ther  hand, i n  order t o  f a c i l i t a t e  t he  most v e r s a t i l e  commercial 

u s e  possible ,  it i s  preferab le  t h a t  the r e s t r i c t i o n s  on t h e  center ing be as much 

reduced as poss ib le .  

The c i v i l i a n  standards accept the f ixed  s t i c k  i n s t a b i l i t y  (with ce r f a ih  ,& 
reserva t ions ,  however, concerning approach or ascension following take-of f )  . 
r equ i r e  though almost always t h e  f r e e  s t i c k  s t a b i l i t y .  

They 

? I 
The spec ia l  aspec ts  introduced i n  the  sec t ions  above by t h e  highly swept plane 

seem t o  be t h e  following: 

- If one i s  i n t e r e s t e d  i n  t h e  f ixed  s t i c k  s t a b i l i t y ,  then it i s  safe t o  d i s -  

card t h e  simple s t a t i c  margin c r i t e r i o n .  

i n t e r e s t  i n  general ,  s ince  i n  addi t ion t o  t h e  t h r u s t  e f f e c t ,  a Mach e f f e c t  can be  

f e l t  down t o  t h e  lowest approach ve loc i t i e s ,  together  with the  p o s s i b i l i t y  of a 

dynamic pressure a e r o e l s a s t i c i t y  e f f ec t .  

Indeed, t h e  not ion of focus lo s ses  

One must then, because of these  two 

effects, nnt. use t h e  bas ic  c r i t e r i o n  E> 0.  
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- A strong factor will act to reduce this stability, whenever the flight 

qualities are not affected. This factor is its penalty in balance drag, which is 

relatively higher for a delta plane than for an airplane without tail structure. 

For a delta plane of 160 and 90 tons, at take-off and landing, respectively, with 

everything else being the same, a penalty of 2.5 to 3.0 tons must be paid for an 

increase in stability equivalent to a conventional 1 percent static margin. 

- Since the plane must perform both in transonic and supersonic conditions, 

it has by necessity irreversible servo-control drives, and, almost certainly,a 

Mach compensator (balancer). The problem of free stick stability is (in general 

and including low velocities) more a flight control system problem than a special 

aerodynamic problem. 

is sufficiently low and that the resulting flight quality deterioration is not 

dangerous. When the plane has in addition a control system for the center of 

gravity (by transferring the fuel), it is always possible if necessary to re- 

establish the natural static stability, by exceptionally accepting the corres- 

ponding performance penalty. 

This way of thinking assumes however that the breakdown ratio 

It seems reasonable then to accept minimum static 

margins for normal operating conditions. 

- Finally, but this is undoubtedly not the least important, the low velocity 

flights w i l l  take place well above the maximum aerodynamic efficiency. 

mance under accurate flight path maintenance will lead to a marked instability 

under speed (2nd regime). 

is sufficiently strong to favor the widespread use of a remedy already available 

in the last conventional airplanes, namely the auto-handle. 

to the dynamic aspect of this question. It seems important however to emphasize 

that the adoption of the auto-handle, which guarantees that a velocity chosen by 

the pilot wi l l  be maintained without surveillance and witn a LGL-~GY =??gin2 puts 

The perfor- 

This added difficulty may not be insurmountable, but 

We shall return later 
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the problem of the static stability under approach conditions on a quite favor- 

able and new basis. 

the kind V approach = 1.3 Vs) is again brought up, since the pilot no longer 

risks inadvertent sizable velocity excursions. 

In addition, the problem of reasonable safety margins (of 

If this point of view is adopted, 

lien the difficulty is shifted of course toward the breakdown ratio of the 

"Velocity detection and thrust control" loop. 

mandatory with the last guarantee that the copilot must close the failing loop 

himself and the check that in any event the airplane is not exaggerately difficult 

to pilot. 

An almost fail-safe system i s  then 

3.2 Dynamic Stability 

A few years ago the dynamic stability criteria which applied to civilian air- 

planes were remarkably S&&t 

oscillation, which was known to be of high frequency, be well damped, and that the 

phugoid oscillations have a sufficiently high period of oscillation, or otherwise 

that it be also damped. 

generations of fairly satisfactory airplanes. The difficulties seem to have started 

with the first heavy jet planes. 

spreads in vertical speeds at impact and in flattening out lengths have increased 

markedly (Bray, ref. 14). 

understanding of these effects. 

It was generally required that the pitch angle 

This broadmindedness did not prevent the operation of many 

The statistics show in particular that the 

Some studies were undertaken in order to obtain a better 

3.2.1 Pitch Angle Oscillations 

Systematic studies were carried out in flight and in simulator in order to de- 

termine the optimum conditions for the pitch oscillations. 

initiated by the Cornell Aeronautical Iaboratory, by System Technology, Inc., and 

by the U.S.A.F. 

These studies were 
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One was unfortunately tempted to generalize too much from the conclusions - 

12/ 
obtained for a fairly special case. Carlson (ref. 15  1 and Kehrer (ref. 18) have 

emphasized this error, which we illustrate here again in figure 12. This shows 

clearly that the criteria proposed do not apply to the low speed flight of a 

heavy transport plane. 

ment, among which: 

Several reasons could be found to explain this disagree- 

- Differences between the missions asked of the pilots 

Differences between the type of piloting: - either 1 loop only (stick/ 

attitude) for performances at relatively high velocity; or 2 loops (stick/attitude 

+ tbrust/speed or elevation) for performances at low approach speeds. 

- An important but unknown effect of the airplane characteristics which does 

not show up in the wn, 5, plane. 

Before going into the characteristics of swept planes it is necessary to 

comment here on -the above disagreement. From many studies made on simulators, 

where pilots studied the behavior of a plane whose static margin and pitch damping 

were arbitrarily changed, the results obtained by SUD and BAC on two distinct 

groups of pilots can be mentioned. There is an extremely good agreement between 

the two series of tests. These results agree at least qualitatively with those 

of reference 16. They are represented in figure 13 and they show that the pilot 

seems in the first place to be sensitive to the maneuver margin. This therefore 

confirms qualitatively the usefulness of the proposed representation in the u) 

plane since the frequency and the maneuver margin are directly related. 

n’ 5n 
Figure 14 

shows quantitatively however that the optimum region for transport planes seems 

to lie in wn much lower than predicted. Kehrer (ref. 18) and Shomber (ref. 17) 

give some very interesting comments on this topic. These led Shomber to propose 

, 5, ). 
’i a criterion in the plane (- 
wn 

T 

Li is approximately iiir i - e C Z ; r = C d  nf the 
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time constant which characterizes the slope change lag with respect to the attitude 

change. In spite of the fact that it is too soon to be able to judge the overall 

value of this last criterion, we think that it can represent a serious improve- /z 2 
ment. Briefly speaking, this criterion consists in requiring that the reduced 

L, I 
damping 5 together with the ratio - , both remain within fairly narrow limits. 

"'n L, 
n' 

I The physical meaning is obvious as far as 5 

measures the overshoot of the transient pitch velocity above the stabilized 

is concerned. The parameter - 
"'n n 

velocity. The criterion requires therefore that the plane go rapidly toward its 

stabilized pitch velocity, without however,having an overshoot greater than, say 

50 percent (otherwise the pilot will have difficulties in adjusting for the at- 

titude changes necessary for his corrections of flight path). Low values of wn 

become not only acceptable, but desirable when L. is also low. Since l o w  velocity 

and low - it is necessary to have for a transport plane 

in approach (and especially with swept wings) reduced values of w . 
are under way at SUD to apply the criterion to various configurations, for ex- 

1 
Z 

ac 
necessarily mean low L i 'i 

More studies n 

ample to high-aspect ratio and moderately swept wings such as Caravelle, or con- 

verse1  y , to highly swept planes (fig. 17). Regardless of the future conclusions 

of these studies a certain number of comments must be made in regard to highly 

swept planes. In particular, since it has often been said that these planes were 

handicapped by: 

(due to the low tail length); and a harmful lift interaction of the same elevator; 

too large a pitch inertia; a reduced efficiency of the elevator 

it seems to us worthwhile to add some accuracy to these various points. 

3.2.2 Pitch Inertia 

It is obvious that this characteristic moves more and more in the direc- 
wrong 

tion - i.e ., ii i i i < i - ~ ~ ~ ~ ~  - hnt +.his tendency is essentially related to the weight 

increase and to the increase of commercial tonnage capacity. The highly swept 
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. 
configurations, which a r e  proper t o  supersonic speeds, aggravate f o r  s u r e  t h i s  

drawback s ince  they  imply a more elongated fuse lage  f o r  a given commercial 

tonnage capacity.  

p re sen t ly  known supersonic p ro jec t s  reach values comparable t o  those  of t h e  heavy 

subsonic p ro jec t s  (Lockheed C5A, Boeing 747, Douglas DC 10 e t c .  ). 

f o r e  be deduced t h a t  no exceptional d i f f i c u l t i e s  w i l l  be encountered i n  t h e  

h ighly  swept a i r c r a f t  discussed here. 

/2_3 
This i s  however a r e l a t i v e l y  secondary e f f e c t  s ince  none of t h e  

It can there- 

3.2.3 P i t ch  Eff ic iency  

It should be emphasized tha t , con t r a ry  t o  a f a i r l y  widespread idea, t h e  ef- 

f i c i ency  of an e leva tor  of d e l t a  winged planes i s  genera l ly  b e t t e r  a t  low speeds 

than t h a t  of conventional planes.  The su r face  area of these  e leva tors ,  computed 

f o r  t ransonic  and supersonic performances, i s  indeed considerable (approximately 

3 t i m e s  greater f o r  a subsonic plane of equivalent weight). In  s p i t e  of t h e  de- 

crease i n  t a i l  length  the  p o s s i b i l i t i e s  of angular acce lera t ion  are therefore  im-  

proved i n  t h e  end: 

of 40 percent  of t he  available acce lera t ion  i n  t he  Lockheed p r o j e c t  as compared 

t o  p lanes  of t h e  DC8/707 type. The increase is even greater f o r  a plane of 

equiva len t  weight and t h i s  c h a r a c t e r i s t i c  w i l l  b e  found t o  be extremely u s e f u l  i n  

a l l  attempts t o  small and fast  corrections of f l i g h t  path t h e  p i l o t  may want t o  

per f  o m  during approach. 

Magruder and h i s  co l labora tors  (ref.  19) po in t  out a n  increase  

3.2.4 L i f  t/Moment Opposition 

It i s  of course a c h a r a c t e r i s t i c  common t o  a l l  planes having t h e  cont ro l  s u r -  

f aces  loca t ed  behind the  center  of g rav i ty  t o  have a s ign  opposit ion between t h e  

change of l i f t  fo rce  due t o  a def lec t ion  of t h e  surface and t h e  change of l i f t  

f o r c e  sought by t h e  p i l o t .  The ove ra l l  change reaches i t s  cul-i=tct s5gz cr?ly z.ft.Pr 



a time interval during which the pitch has not changed sufficiently to counter- 

balance the immediate lift effect of the control surface. 

this effect will be the greater the shorter the elevator tail length. The delta 

winged airplanes are therefore at a disadvantage compared to planes with tail 

surfaces, but in our studies we have not found an effect as high as the one in- 

dicated by Kehrer (ref. 18). 

know, the flight path correction has a correct sign about one second after 

the start of the elevator deflection, and the maximum amplitude of the wrong sign 

displacement during this first period does not exceed a few centimeters per de- 

gree of deflection. In practice this effect is negligible, and even if the tail 

length is for example multiplied by 2, as it would be possible with a plane having 

a tail structure, the improvement would be too small to be of practical signifi- 

cance. This result is shown in figure 15.  It can be added that, from the pilot's 

standpoint, an essential response is undoubtedly the acceleration of the pilot's 

seat and figure 16 shows that the transient effect of the elevator lift displace- 

ment is never detected. 

For a given efficiency 

For the characteristics of delta projects which we 

/24 

Finally, assuming that the criterion proposed by Shomber is valid it can be 

shown that there is no difference between a delta plane and a plane with elevator 

provided the static margin is low. Indeed this criterion used the time constant, 

rigorously written as follows: 

which becomes L. when L is low, as for the conventional plane. It is also clear 

that, even if the elevator lift term L is large then 7 will approach Li provided 

M., i .e., the static margin, goes to zero. 

1 8, 1 

? 
I 
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. 
Using what w a s  given above it could be concluded that, with its exceptional 

control efficiency, the delta plane will have satisfactory dynamic characteristics 

of short period provided it is suitably damped for low (positive or negative) 

static margins. 

figure l7b (from the application of the Shomber criterion for a typical delta 

plane). 

a situation which would probably border the acceptable. 

by a center of gravity control system w i l l  be welcome, as already mentioned above 

in regard to the static stability. 

These conclusions are (better than in fig. 14) confirmed in 

In case of damper breakdown a zero static margin would lead however to 

The possibilities offered 

3.2.5 

The phugoid mode has so far drawn little attention, even when it leads to in- 

stabilities, because these are generally estimated not to be too bothersome to the 

pilot since their periods and their time constants are high. 

true only if a speed or elevation must be maintained in a waiting lane. 

however be preferable that the pilot exert as relaxed a watch as possible in /25 
order for him to devote himself to other tasks. 

path controls of great precision, such as those considered increasingly in auto- 

matic, IFR, or visual landings. This precision will be increasingly hoped for, for 

both safety and performance reasons, so that a plane of the highest possible weight 

can be landed on a landing strip of given length. 

Phugoid Oscillation and 2nd Regime 

This is certainly 

It would 

This is no longer true for flight 

The usefulness of the auto-handle for the precise maintenance of the flight 

path was, from this standpoint, already proved on subsonic planes such as H.S. 

Trident and Caravelle. 

speed stability is concerned, an airplane is satisfactory only if the time constant 

is less than 50 secon6s. Escz~tinnsll y however (for exanple breakdown of the auto- 

handle), an instability with a time constant greater than 10 seconds’ could be 

‘50 and 20 seconds, respectively for the SST Regulation No. 5 

Bisgood (ref. 21) thinks that, as far as the flight path 
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tolerated. The former condition is not met presently by conventional planes with- 

out auto-handle, whereas both are widely met by the delta plane with auto-handle. 

On this point, as well as on the lift displacement of the elevators, it 

could be said that the theoretical disadvantage related to the shape of the polar 

curve of delta planes is only apparent. The auto-handle will not only restitute 

the handling to the first regime, i.e. to the simple stick/attitude loop. 

also damp the phugoid considerably. The importance of the latter becomes so ap- 

parent when a landing path must be faithfully repeated that Ashkenas (ref. 20) 

emphasizes the essential improvement which is made by the reduction of the static 

margin, this reduction having the effect of increasing the damping and period of 

the phugoid and of decoupling this mode from the pich oscillation. 

should be remembered, for example for the auto-handle breakdown case, in spite of 

the fact that the tests in this reference have to do with a case apparently very 

different from that of the normal approach of a transport plane (arrested /26 
landing of 2nd regime on aircraft carriers). 

the final approach phase (including the flattening out) the zero static margin 

handling is preferable if the spread of point of impact must be low. 

foreseen however that the transport plane pilot will accept this situation during 

the phase preceding the approach only if a good static stability is guaranteed 

him from other sources. 

It will 

This result 

This leads to the opinion that in 

It should be 

It is noteworthy that, concerning the center of gravity motions of large 

period, the constructor could be led to follow requirements which are more 

stringent than those of the various specifications. These must insure the safety 

and to a certain extent the ease of handling. For the take-off and approach 

phases the constructor must also worry to insure the best performance of his air- 

plane, and this w i l l  depend in part on the handling precision. % t k r e f z ~  think 
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it is a serious advantage for approach purposes to have characteristics much 

superior (because of the auto-handle) to those stipulated in the specifications, 

and his advantage will manifest itself fully during the certification of the 

airplane. In addition it seems that the advantages to expect from this device, 

including those mentioned in the Section "Static Stability", are about the same 

for all the transport planes. It can therefore be predicted that the use of 

this device will rapidly spread, now that the necessary technology has proved 

itself. 

3.3 Comments on the Behavior Under Turbulence 

The normal acceleration response in turbulence is, for the frequencies 

markedly higher than the pitch frequency, proportional 

tioned above. A highly swept, low-aspect ratio, plane 

gradient. With the high pitch angles tolerated we can 

and a wing load of the same order of magnitude as that 

to the L. parameter men- 

has of course a low lift 

have at approach a speed 

of conventional planes. 

1 

The sensitivity to a gust will be reduced and the reduction can reach 30 to 40 

percent as compared to present subsonic planes. 

Near the pitch angle frequency the response depends also strongly on the 

static margin and increases markedly with the latter. 

in favor of low static margin and low wn flights. 

during the previous discussions which the authors have had with Messrs. Ashkenas, 

McRuer Wasicko, Harper and Carlson (Brgtigny, September 1963). 

This is a serious argument 

It has been pushed forward 

us 
The two preceding comments permit.to think that not only the comfort 

but also the safety will be improved from those of the present airplanes. 

particular the stall or the divergence, whether spontaneous or provoked by a 

piloted surge (CaiaSti-eFhiC exmples of which are known, some in ascension, shortly 

after take-off) seen to be completely improbable. One must however not lo&€? track 

/27 
In 
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w n of the fact that for frequencies less than about - a positive static margin is 
favorable because it has a tendency to resume the original pitch. 

2 

A complete 

study is necessary for every plane and every special flight case. 

3.4 Comments on the Landing 

From all that was mentioned before, it can be deduced that the final landing 

maneuvers w i l l  be favorable to swept wing aircraft. A few additional comments 

are however useful. 

3.4.1 Ground Effects 

An extremely favorable ground effect manifests itself just before the landing 

strip threshold (Z = 15 m approximately) for a plane whose mean chord is of about 

20 to 30 meters. 

provided the attitude is kept constant. 

high P/S (L/A) ) an increase of 1 

(fig. 18). 

favorable effect cannot be accepted just from the wind tunnel tests alone. 

tion will be made of the numerous military planes which use this effect every day. 

One can find however in reference 22 a very precise confirmation of this effect, 

obtained from test flights made by NASA. This means that important attitude cor- 

rections, which are the source of spread of impact characteristics, will not be 

necessary for the delta winged transport planes. 

balanced lift is accompanied by an increase of torque sinking the nose. This is 

however a maneuver where the pilot must anyway pull on the stick, and experience 

shows that he is not sensitive to this last increase of stability. 

This effect entails a satisfactory flattening, Jut of the plane 

In the unfavorable cases (velocity and 

0 in attitude is for this matter sufficient 

The existence of this ground effect is now well established. This 

No men- 

It is true that the increase of 
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. 
3.4.2 Resumption of Thro t t l e  

The case of t h e  resumption of t h r o t t l e  t o  i n t e r r u p t  a landing i s  /28 
another i l l u s t r a t i o n  of t he  advantage inherent t o  these  planes. We have a l ready  

mentioned t h a t  t h e  fear of having a l i f t  displacement on t h e  e l eva to r  (by sudden 

de f l ec t ion  maneuver) was very exaggerated. 

t h e  landing h i s  only maneuver should then be " f u l l  t h r o t t l e " .  

w i l l  b e  very rapid,  due t o  t h e  r e l a t i v e l y  high r e a c t o r  operating regime. 

l i f t  w i l l  r e s u l t  (due t o  t h e  p i t c h  angle) which w i l l  be t h e  greater t h e  higher 

t he  ava i l ab le  t h r u s t .  

When t h e  p i l o t  decides t o  i n t e r r u p t  

The t h r u s t  response 

A j e t  

Figure 19 shows t h a t  t h e  combination of the  l i f t s  due t o  t h e  ground e f f e c t  

and t o  t h e  t h r u s t  e f f e c t  permit t he  p i l o t  t o  decide when exac t ly  i n  t h e  nominal 

pa th  he can i n t e r r u p t  t he  f i n a l  f l a t t e n i n g  out.  The plane starts i n  most cases t o  

undergo an ascension without having touched ground. The p o s s i b i l i t y  of performing 

such a maneuver (which i s  of course exceptional)  can only be  favorable t o  an a l l -  

t i m e  operation. 

PART FOUR 

Conclusions 

4.1 

s a t i s f a c t o r y  by i t se l f .  Perhaps each c r i t e r i o n  ind ica t e s  a c e r t a i n  tendency, and 

t h e  approach and t h e  crossing of a l i m i t  l eads  almost always t o  a c e r t a i n  type of 

handling d i f f i c u l t i e s .  

which should o r i e n t  t h e  s tud ie s  and t h e  research t o  improvements. 

For t h e  lateral case no simple f l i g h t  handling q u a l i t y  has appeared /29 

This whole s e t  of d i f f i c u l t i e s  make up a u s e f u l  guide, 

The whole set  of c r i t e r i a  leads almost s u r e l y  t o  a s a t i s f a c t o r y  plane but t h i s  

"envelope" (rounding o u t )  standpoint i s  perhaps needlessly severe. A s i t u a t i o n  



. 

fairly marginal with respect to one of the criteria could perhaps be compensated 

by a very favorable situation elsewhere. 

The difficulty seems still greater for the unacceptable limits (required 

minimum during breakdown) where the criteria seem to be vaguer. 

4.2 

criteria leads generally to a tightening of the regulations concerning the low 

velocity flight. 

the effects and from the need to increase the safety, the performance and the 

comfort. 

For the longitudinal case, the evolution of the existing or proposed 

The evolution results normally from a better understanding of 

The pitch angle oscillation and phugoidharacteristics, together with the 

high velocity stability on a set flight path, are better narrowed down. These 

new requirements can, to a certain extent, be satisfactory for all planes only 

with the help of artificial devices (law of forces, dampers, auto-handle, etc.) 

which require a separate and involved study for the case of breakdown. 

4.3 Even though they are quite different from their high aspect ratio, L3.2 
swept wing, predecessors, the highly swept wing planes appear to be favorable from 

this new context. Their good spiral and oscillatory stability characteristics, 

their good control surface efficiency, their high ground effect, their low lift 

gradient and their very wide range of safe pitch angles are positive safety and 

comfort factors. The observed improvement obtained in going from an ordinary 

delta wing to a very highly swept wing is now well established, for example by the 

NASA test flights (ref. 22). 

New problems require attention however. These are: the roll time constant, 

the coupling effects, the elevator lift, the second regime, etc. The present 

studies seem to show that the difficulties are modest, and that a good p e r f u ~ ~ ~ ~ ~  
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flight-handling-qualities compromise may be found, perhaps with the help in part 

of artificial devices not having seemingly critical breakdowns. 

4.4 The complexity of the problems is however such that a more intelligent and 

more final opinion will be possible only when a sufficient number of tests will 

be performed with simulator, variable stability planes and, above all, with true 

flights. 

The authors wish to thank all their colleagues at SUD AVIATION, specialists of 

flight handing qualities, whose work is the basis of the present study. They also 

wish to thank the technical management of this company who has consented to re- 

lease the present report for publication. 
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NOTATION 

Usual corresponding 

U. S. Notation 

Pitch (Incidence) 

Slip (D&apage ) 

Aileron deflection (Braquage du 

gauchissement ) 

B Elevator deflection (Braquage de 

la profondeur ) 

cx Aerodynamic drag coefficient 

(Coefficient agrodynamique de traibge) 

CZ Aerodynamic lift coefficient 

(Coefficient a6rodynamique de portance) 

C ~ J  %, Cn Coefficients of roll, pitch and yaw 

moments (Coefficients de moment de roulis, 

tangage et lacet 

Angular velocities of r o l l ,  pitch and y a w  

(Vitesses angulaires de roulis, tangage 

et lacet) 

a 

8 

CD 

CL 

VC 

VD 

VS 

Ve 

TR 

Stall velocity (Vitesse de dgcrochage) 

Lateral velocity (Vitesse "transversale" 

(jW 

Time constant of the pure roll mode 

(Constante de temps du moue cte roulis p u r )  
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NASA TI' F-10,204 

Usual corresponding 

U. S. Notation 

Time constant of the spiral mode 

(Constante de temps du mode spiral) 

Frequency and damping of the oscillatory 

mode (Pulsation et amortissement du mode 

os cillatoire ) 

Terms in the numerators of the transfer 

TS 

function p/a: (Termes intervenant au) 

nm'rateur de la fonction de transfert p/a) W? m 
Frequency and damping of the pitch oscillation 

(Pulsation et amortissement de 1' oscillation 

d'  incidence ) 

Lateral attitude (Assiette transversale) 

Ia: 

L6 

M6 
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